Despite the incidence rates of pancreatic cancer being low worldwide, the mortality rates remain high. To date, there is no effective drug treatment for pancreatic cancer. Numerous signalling pathways and cytokines regulate the occurrence and development of pancreatic cancer. Ferroptosis is a non-traditional form of cell death resulting from iron-dependent lipid peroxide accumulation. Studies have demonstrated that ferroptosis is associated with a variety of different types of cancer, such as breast cancer, hepatocellular carcinoma and pancreatic cancer. The present study demonstrated that ferroptosis controls the growth and proliferation of pancreatic cancer, providing a new approach for the treatment of pancreatic cancer. Iron metabolism and reactive oxygen species metabolism are the key pathways involved in ferroptosis in pancreatic cancer. In addition, a number of regulators of ferroptosis, such as glutathione peroxidase 4 and the cystine/glutamate antiporter system Xc-, also play pivotal roles in the regulation of ferroptosis. In the present review, the regulatory mechanisms associated with ferroptosis in pancreatic cancer are summarized, alongside other associated forms of digestive system cancer. The treatment of ferroptosis-based diseases is also addressed.
Introduction
Pancreatic cancer is characterized by high mortality and metastasis rates (1) ; it is one of the four most common causes of cancer-associated mortality with a reported 6.6% in Europe in 2018 (2) . Based on the GLOBOCAN 2018 data, the number of pancreatic cancer-associated deaths was 432,242 per year in the USA (3) . Pancreatic ductal adenocarcinoma (PDAC) is the primary pathological type of pancreatic cancer, and patients with the disease present with a poor prognosis (4) . A genetic study revealed that the Kirsten rat sarcoma viral oncogene (KRAS) mutation is an early event in pancreatic tumourigenesis and plays a significant role in pancreatic cancer (5) . Currently, surgery is the only means of treating pancreatic cancer; however, it is not sufficient to improve the survival rate of patients with pancreatic cancer (6, 7) . Unfortunately, traditional chemotherapy drugs are not effective due to the resistance of pancreatic cancer cells. Despite the fact that the prognosis has been enhanced by clinical standard therapies (8) , the 5 year survival rates of patients with pancreatic cancer remain at <5% (9) . Thus, finding new therapeutic methods for pancreatic cancer is imperative for future preclinical research.
Ferroptosis, a recently discovered form of regulated cell death (RCD), is dependent on the presence of intracellular iron and the accumulation of reactive oxygen species (ROS) (10) . Ferroptosis has been identified in numerous pathological diseases, such as ischaemia-reperfusion injury, neurodegenerative diseases and a series of different cancer types, including breast cancer, hepatocellular carcinoma and pancreatic cancer (10) (11) (12) . Recently, a number of clinical studies have indicated that traditional Chinese herbs exhibit potent anticancer effects in pancreatic cancer by affecting ferroptosis, which suggests that ferroptosis may also play an important role in the disease (13) (14) (15) . Furthermore, it has been demonstrated that ferritinophagy, the lipid peroxidation pathway, the glutathione (GSH) peroxidase 4 (GPX4) pathway and the system Xc-pathway are closely associated with ferroptosis.
In the present review article, the potential molecular mechanisms underlying ferroptosis in pancreatic cancer are discussed, alongside the potential future directions for ferroptosis research.
Molecular mechanism underlying ferroptosis and relative regulators in cancer
In 2012, a new form of RCD called ferroptosis was discovered and reported by Dixon et al (10) . Ferroptosis is morphologically and mechanistically different from apoptosis, necroptosis, autophagy and other forms of cell death. Morphologically, it has been demonstrated that in ferroptosis, the mitochondrial volume is decreased compared with that of normal mitochondria, the mitochondrial membrane density is increased, the mitochondrial ridge disappears and the outer membrane ruptures (16) . Biochemically, ferroptosis is dependent on iron and ROS, which are characteristic of lipid peroxidation (17) . Currently, studies indicate that the two main pathways involved in ferroptosis are the iron metabolism pathway and the ROS metabolism pathway (16, 18) . Iron metabolism in the cell consists of the import, storage and export of iron. Ferric iron (Fe 3+ ) bound to transferrin is transported to the endosome via transferrin receptor 1. Inside the endosome, Fe 3+ is reduced to ferrous iron (Fe 2+ ), which is finally gathered in a labile iron pool in the cytoplasm. Cytoplasmic iron is retained as ferritin, which comprises ferritin heavy chain (FtH) and ferritin light chain (FtL). Finally, excessive iron is exported by ferroportin (19, 20) . Ferroptosis is mediated by the Fenton reaction, in which Fe 2+ reacts with hydrogen peroxide to generate ROS (21) . ROS are a very important secondary signal in cells, and are formed by the partial reduction of molecular oxygen, including superoxide (O 2 •-), peroxides (H 2 O 2 and ROOH) and free radicals (HO • and RO • ) (17) . ROS damage the stability of DNA and promote cell death. ROS-induced ferroptosis may involve multiple sources. In addition to the iron-dependent accumulation of ROS, NADPH-dependent lipid peroxidation and GSH depletion are known for the induction of ferroptosis (10, 22) . Mechanistically, several molecules, called ferroptosis regulators, have recently been identified to regulate ferroptosis by targeting iron metabolism and lipid peroxidation. Among them, system Xc-and GPX4 are negative regulators of ferroptosis (22, 23) . The system Xc-is an anionic amino acid transport system composed of the twelve-pass transmembrane transport protein cystine/glutamate transporter (SLC7A11) and the single-pass transmembrane regulator protein 4F2 cell-surface antigen heavy chain (SLC3A2). System Xc-imports extracellular cysteine to exchange intracellular glutamate. Therefore, the selective inhibition of system Xc-causes a decrease in intracellular cysteine. Decreasing GSH synthesis results in excessive toxic lipid ROS accumulation, which triggers ferroptosis at the molecular level (23) . GPX4 can directly decrease phospholipid hydroperoxide and prevent lipid peroxidation-dependent cell death, which is an essential negative regulator of ferroptosis. GPX4 is necessary to remove fatty oxygen radical enzymes that can decrease the toxic lipid hydroperoxides (L-OOH) to lipid alcohols (L-OH). Once GPG4 is inactivated, L-OOH will gradually accumulate. At the same time, cellular L-OOH is catalysed by iron into toxic lipid radicals, such as the alkoxy radical L-O, resulting in cytotoxicity and cell death (22) . By contrast, voltage-dependent anion channel (VDAC)2/3 and NADPH oxidase (NOX), as positive regulators, promote ferroptosis. Mitochondrial voltage-dependent anion channels (VDACs) are novel targets for anticancer drugs. Cells with more VDAC protein are more sensitive to erastin (24) . Erastin, the classical inducer of ferroptosis, interacts with VDAC proteins, leading to mitochondrial dysfunction, the release of oxidative species and non-apoptotic oxidative cell death (25) . The NOX protein family reduces oxygen to superoxide by transferring electrons across biological membranes. The canonical NOX inhibitor diphenyleneiodonium and the NOX1/4-specific inhibitor GKT137831 were both shown to suppress erastin-induced ferroptosis in Calu-1 cells in a preivious study (10) . The protein cellular tumour antigen p53 (p53) participates in controlling cell survival and death, and plays double roles in regulating ferroptosis through a transcriptional or post-translational mechanism. Spermidine/spermine N1-acetyltransferase 1 (SAT1) is an important regulator of polyamine metabolism through acetylating spermidine and spermine using acetyl-coenzyme A (26) . The expression of glutaminase 2 (GLS2) is responsible for p53-mediated oxygen consumption, mitochondrial respiration and ATP generation in cancer cells (27) . p53 promotes ferroptosis by inhibiting SLC7A11 expression and increasing SAT1 and GLS2 expression, while p53 also inhibits ferroptosis by downregulating the expression of DPP4 and upregulating the expression of CDKN1A/p21 (28) . In other words, ferroptosis is a non-apoptotic form of cell death and is characterized by iron-dependent and ROS-dependent processes.
Ferroptosis is associated with a variety of physiological and pathological processes, including neurodegenerative disease, acute kidney failure, drug-induced hepatotoxicity, hepatic and heart ischaemia/reperfusion injury, and T-cell immunity, particularly in cancer cell death (16, 22, (29) (30) (31) (32) (33) . Ferroptosis has been identified in a number of different types of tumour cell, including breast cancer (34), head and neck cancer (35) , hepatocellular carcinoma (36) , pancreatic cancer (15) and ovarian cancer (37) . Therefore, preventing ferroptosis has become an important strategy to prevent associated diseases and cancer types.
Potential roles of ferroptosis in pancreatic cancer
In recent years, it has proven difficult to identify new ways to treat pancreatic cancer. Gemcitabine, as the first-line drug, is used alone or in combination for the treatment of patients with advanced PDAC. Heat shock 70-kDa protein 5 (HSPA5) improves the anticancer activity of gemcitabine by inducing ferroptosis (38) . In addition to gemcitabine, it has been demonstrated that certain traditional Chinese herbs induce ferroptosis in pancreatic cancer. Furthermore, a number of molecules have been demonstrated to induce ferroptosis in pancreatic cancer cells, suggesting that they may offer new options for pancreatic cancer treatment.
Iron metabolism and ferroptosis in pancreatic cancer Ferritinophagy can promote ferroptosis in pancreatic cancer.
A number of studies have provided evidence to support the association between autophagy and ferroptosis (39, 40) . However, the underlying molecular mechanism between autophagy and ferroptosis in pancreatic cancer remains unclear. Recently, researchers have revealed that nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy is an autophagic process that contributes to ferroptosis via the degradation of ferritin in pancreatic cancer (41, 42) . The iron storage protein ferritin consists of two subunits of ferritin, FtH and FtL, which are associated with intracellular iron storage and release (43) . NCOA4 is a cargo receptor specifically responsible for the selective autophagic turnover of ferritin in ferritinophagy. Degradation of ferritin leads to increased intracellular free iron, which triggers ROS generation and consequent ferroptosis in pancreatic cancer. Notably, knockdown of NCOA4 by specific shRNAs in pancreatic cancer inhibited ferritinophagy and suppressed erastin-induced ferroptosis. By contrast, overexpression of NCOA4 increased ferritin degradation and promoted ferroptosis. Knockout or knockdown of autophagy-related 5 (Atg5) and Atg7 in human pancreatic cancer cell lines decreased both intracellular Fe 2+ and the product of L-OOH, and induced ferroptosis, which indicates that the Atg genes play an essential role in the mediation of autophagy and ferroptosis (42) . Consequently, autophagy plays a key role in promoting ferroptosis, and further research is required in order to elucidate the association of ferritinophagy and ferroptosis, which can provide innovative treatments for pancreatic cancer.
Artesunate can induce ferroptosis in PDAC. The natural compound Artesunate (ART) is a noteworthy anti-malaria drug. It was previously demonstrated that ART also exhibited an anti-tumour effect and was a specific inducer of ferroptosis in a number of different types of cancer, including pancreatic cancer (14, 44, 45) . ART exhibited higher cytotoxicity in PDAC cells with Ras mutation compared with that in PDAC cell lines expressing wild-type KRas (14) . Despite the fact that the underlying molecular mechanism is currently unknown, it was discovered that the functional lysosome and iron metabolism are involved in the ferroptosis induced by ART in PDAC and other types of tumour cell (14, 45) . Ferritin binds with NCOA4 in the autophagosome and is delivered into the lysozyme, and ART accumulates in the lysosomes and increases ferritin protein degradation (44) . Degradation of ferritin in lysosomes increases the volume of intracellular iron and plays an essential role in ART-activated ferroptosis, which is similar to ferritinophagy (44, 46) . Yang et al (44) discovered that ART activates lysosomal activity by increasing V-ATPase assembly. Notably, the co-treatment of ART and transferrin increased lysosomal free iron and promoted ferroptosis in PDAC (14) . Iron-dependent ROS generation and accumulation are indispensable steps for ferroptosis in response to ART (44, 46) . In summary, ferroptosis induced by ART is dependent on the presence of intracellular iron.
ROS metabolism and ferroptosis in pancreatic cancer LOX is sufficient for ferroptosis in pancreatic cancer.
Recently, a very important association between lipid peroxide and ferroptosis has been identified. Decreased levels of GSH results in a deficiency of GPX4-reducing substrates, preventing the conversion of L-OOH into L-OH. The gradual accumulation of L-OOH leads to ferroptosis (23) . Two principal mechanisms for the formation of L-OOH are well known: Free radical chain oxidation of organic compounds, called autoxidation, and iron-dependent lipoxygenase (LOX)-mediated activity (47, 48) . A recent study by Xie et al (13) demonstrated that the 12/15-LOX inhibitor baicalein is effective in preventing erastin-induced ferroptosis by protecting pancreatic cancer cells from RSL3 toxicity, which indicates that LOX may regulate ferroptosis. Another study also reported that LOX activity may contribute to ferroptosis (49) . LOXs are non-haem iron-containing dioxygenases that catalyse polyunsaturated fatty acids to produce fatty acid hydroperoxides that damage cells (37) . Shintoku et al (50) demonstrated that upon exposure to the ferroptosis inducers erastin and RSL3, ω-6 PUFA-mediated production of 4-hydroxy-2-nonenal was increased, contributing to ferroptosis, whereas inhibition or silencing of arachidonate 15-lipoxygenase (ALOX15) decreased both erastin-induced and RSL3-induced ferroptotic cell death in pancreatic cancer. During the process of inducing ferroptosis, the ALOX15 protein consistently localized to cellular membranes, suggesting that ALOX15 results in ferroptosis by inducing the production of L-OOH in cell membranes (50) . LOX is expressed in different kinds of tissue and is associated with several different types of cancer. Therefore, the induction of ferroptosis may be a new approach in treating cancer by regulating the expression of LOX (51). In conclusion, these reports implicated LOX as a key regulator of ferroptosis in PDAC.
Preventing mitochondrial lipid oxidation suppresses ferroptosis in pancreatic cancer. It is well known that the occurrence of ferroptosis is accompanied by morphological changes to the mitochondria (10) . Previous studies have supported a hypothesis that ferroptosis is intrinsically associated with a lipid oxidation pathway by intersecting with the mitochondrial membrane (52, 53) . Recently, Krainz et al (54) revealed that, as lipid peroxidation mitigators, XJB-5-131, JP4-039 and selected analogues influence the relative subcellular localization of nitroxide and prevent ferroptosis in PANC-1 cells. Both XJB-5-131 and JP4-039, mitochondrially targeted nitroxides, could prevent ROS accumulation and protect against mitochondrial function. The protective effect of JP4-039 was >20-to 30-fold weaker than that of XJB-5-131, which coincides with the much lower concentration of JP4-039 in mitochondrial enrichment than that of XJB-5-131. These results suggest that mitochondria-targeted nitroxides inhibit ferroptosis, and that preventing mitochondrial lipid oxidation may offer a potential therapeutic opportunity in pancreatic cancer (54) . To conclude, preventing mitochondrial lipid oxidation protects against ferroptosis in pancreatic cancer.
Non-oxidative dopamine inhibits ferroptosis by modulating lipid peroxidation in pancreatic cancer. It is already known that lipid peroxidation is an important element in inducing ferroptosis (17) . Erastin is a classic ferroptosis inducer that inhibits system Xc-activity and VDAC (16) . Dopamine is a powerful antioxidant and has numerous functions in the nervous and immune systems (55, 56) . However, the effect of dopamine on ferroptosis is currently unknown. A recent study revealed that non-oxidative dopamine is an inhibitor of ferroptosis that protects against erastin-induced ferroptosis in pancreatic cancer (53) . The levels of Fe 2+ and malondialdehyde production (MDA), one of the end products of lipid peroxidation, were decreased following the dopamine treatment of erastin-induced cell death in pancreatic cancer. In terms of the mechanism, dopamine inhibits ferroptosis by modulating lipid peroxidation in two separate ways in PANC-1 cells. On the one hand, dopamine decreases the accumulation of Fe 2+ ; on the other hand, dopamine markedly inhibits GSH depletion and GPX4 degradation (57) . GPX4 is a GSH-dependent enzyme that cannot use GSH as a co-substrate to reduce lipid peroxidation due to GSH depletion. Both the iron-induced Fenton reaction and GSH depletion induce ferroptosis (22) . In conclusion, these findings provide a new strategy for pancreatic cancer therapy by inhibiting lipid peroxidation.
Cotylenin A and phenethyl isothiocyanate induce ferroptosis by ROS accumulation in pancreatic cancer.
Previous studies have demonstrated that certain drugs can induce ferroptosis in pancreatic cancer, providing a feasible therapeutic strategy against pancreatic cancer (15, 58) . Phenethyl isothiocyanate (PEITC) is a potent generator of ROS, while cotylenin A (CN-A) exhibits potent anti-tumour activity in several cancer cell lines (59) (60) (61) (62) (63) . A recent study by Kasukabe et al (15) demonstrated that, upon exposure to CN-A and PEITC, the proliferation of both PANC-1 cells and gemcitabine-resistant PANC-1 cells (PANC-1/GR) was inhibited by increasing ROS levels. Antioxidants (N-acetylcysteine and trolox), ferroptosis inhibitors (ferrostatin-1) and the iron chelator deferoxamine reverse this process, causing CN-A-and PEITC-induced ferroptosis in pancreatic cancer (15) . Furthermore, it was also observed that CN-A and PEITC synergistically trigger more ROS accumulation when combined, compared with when used separately. These results suggest that CN-A and PEITC synergistically account for more ROS-ferroptosis pathway-mediated pancreatic cancer cell death compared with treatment with PEITC or CN-A alone. However, the molecular mechanisms underlying the interaction between CN-A and PEITC have not yet been elucidated in detail (15) . Another study regarding the treatment of pancreatic cancer demonstrated similar evidence (58) . Yamaguchi et al (58) reported that CN-A or sulfasalazine (SSZ) enhanced ROS production, which induced ferroptotic cell death in human pancreatic cancer. Above all, these findings provide a new drug treatment option for pancreatic cancer, and demonstrate that ROS are a vital hallmark of ferroptosis in pancreatic cancer.
GPX4 and ferroptosis in pancreatic cancer GPX4 degradation promotes ferroptosis in pancreatic cancer.
Recently a study revealed that baicalein negatively regulates ferroptosis by inhibiting the degradation of GPX4 (13) . Baicalein, as a class of molecules present in certain traditional Chinese medical herbs, exhibits potent anticancer activities (64) . In the study by Xie et al (13) , it was demonstrated that, when compared with other well-known ferroptosis inhibitors (e.g., ferrostatin-1, liproxstatin-1, deferoxamine mesylate and β-mercaptoethanol), baicalein exhibited a greater level of anticancer activity in erastin-induced pancreatic cancer cell ferroptosis. Baicalein could inhibit ferroptosis by suppressing the degradation of GPX4 and decreasing the accumulation of iron (13) . Furthermore, it was also revealed that, upon exposure to baicalein, the process of degrading erastin-induced nuclear factor (erythroid-derived 2)-like 2 (NRF2), a transcription factor that positively regulates the critical proteins of ferroptosis, such as GPX4, was inhibited (65) . Qin et al (66) also demonstrated that baicalein modulates the NRF2/Keap1 system in both Keap1-independent and -dependent pathways to inhibit oxidative injury. Therefore, it can be concluded that baicalein may selectively activate the NRF2 pathway in pancreatic cancer. However, additional studies are required in order to clarify the precise molecular mechanisms underlying this process.
HSPA5-GPX4 pathway regulates ferroptosis in pancreatic cancer. According to their molecular mass, heat shock proteins (HSPs) are grouped into six families, namely, HSP100, HSP90, HSP70, HSP60, HSP40 and small HSPs. It is already known that HSPβ-1 is a negative regulator of ferroptosis. Inhibition of heat shock factor 1-dependent HSPB1 expression and HSPB1 phosphorylation increased erastin-induced ferroptosis in human xenograft mouse tumour models (67, 68) . Recently, Zhu et al (38) revealed that heat shock 70 kDa protein 5 (HSPA5) is a negative regulator of ferroptosis in pancreatic cancer cells. HSPA5 is regulated by activating transcription factor 4 (ATF4), and both suppression and knockdown of ATF4 inhibit erastin-induced HSPA5 protein expression in PANC-1 cells and CFPAC1 cells. Upon activation of ATF4, HSPA5 protein binding to GPX4 increases the stability of GPX4 to protect against ferroptosis in pancreatic cancer. Following knockdown of HSPA5 or ATF4, MDA production was increased in erastin-induced cell death, demonstrating that ATF4-dependent HSPA5 expression inhibits ferroptosis through lipid peroxidation. Knockdown of HSPA5 and GPX4 in pancreatic cancer cells promotes ferroptosis in response to gemcitabine or pharmacological inhibition of the HSPA5-GPX4 pathway by epigallocatechin gallate or SSZ in pancreatic cancer cells rendered tumours more sensitive to gemcitabine both in vitro and in vivo. Furthermore, ferroptosis inhibitors reversed gemcitabine-induced cell death, which demonstrates that the HSPA5-GPX4 pathway regulates ferroptosis in pancreatic cancer cells (38) . Above all, activation of the ATF4-HSPA5-GPX4 pathway protects from ferroptosis in pancreatic cancer cells and suggests a promising therapeutic strategy for pancreatic cancer.
System Xc-and ferroptosis in pancreatic cancer
Inhibiting system Xc-induces ferroptosis in pancreatic cancer. Sorafenib, a multikinase inhibitor, is currently recognized as the only anticancer drug in hepatocellular carcinoma treatment. In the process of treating hepatocellular carcinoma, ferroptosis plays a significant role in inducing hepatocellular carcinoma cell death (69) . However, it is not yet certain whether sorafenib induces ferroptosis in human cancer cells originating from various tumours. Lachaier et al (70) demonstrated that sorafenib and erastin induced ferroptosis not only in hepatocellular carcinoma, but also in other types of cancer originating from tissues other than those of the pancreatic cancer. However, this process did not involve (30, 74, 77) . Table I presents studies to compare ferroptosis in pancreatic cancer, hepatocellular carcinoma and colorectal cancer.
Summary and perspective
Recently, a new iron-dependent and ROS-dependent non-apoptotic form of cell death, called ferroptosis, has been reported. The present review discusses the significant role of ferroptosis in pancreatic cancer. NCOA4-mediated ferritinophagy promotes the degradation of ferritin in lysosomes, which provides a new approach in the treatment of pancreatic cancer. In addition to iron metabolism, ROS metabolism also plays a pivotal role in ferroptosis. ALOX15-catalysed lipid hydroperoxide generation promotes ferroptosis in pancreatic cancer. By contrast, mitochondrial-targeted nitroxide negatively regulates ferroptosis by preventing mitochondrial lipid oxidation. Non-oxidative dopamine and baicalein interfere with both iron metabolism and ROS metabolism and attenuate pancreatic cancer. Furthermore, HSPA5, as a negative regulator, acts on GPX4 to inhibit ferroptosis in pancreatic cancer (Fig. 1) . Although important discoveries have been revealed by these studies, there are also some limitations. The mechanisms of interaction between CN-A and PEITC have not yet been elucidated in detail. The mechanism of the iron metabolism pathway and ROS pathway remains insufficiently comprehensive and clear, and additional studies should be performed in order to improve the current understanding. For early pancreatic cancer, surgical resection is the most effective treatment. Currently, the main treatment for advanced pancreatic cancer is chemotherapy. However, traditional chemotherapy drugs have limited effects on pancreatic cancer due to the anti-apoptotic effect of pancreatic cancer. One future direction for research is in regard to the molecules from traditional Chinese herbs (e.g., CN-A, PEITC and SSZ), which exhibit effects in resistant pancreatic cancer cells and could be used as a new therapy to treat pancreatic cancer. Another direction is to use gemcitabine, the first-line drug used in patients with advanced PDAC. HSPA5 overcomes gemcitabine resistance and improves the anticancer activity of gemcitabine by inducing ferroptosis. In brief, targeting ferroptosis could provide a new strategy to treat pancreatic cancer.
